A laboratory investigation into crude oil contaminated sand-concrete interface behavior is performed. The interface tests were carried out through a direct shear apparatus. Pure sand and sand-bentonite mixture with different crude oil contents and three concrete surfaces of different textures (smooth, semi-rough, and rough) were examined. The experimental results showed that the concrete surface texture is an effective factor in soil-concrete interface shear strength. The interface shear strength of the rough concrete surface was found higher than smooth and semi-rough concrete surfaces. In addition to the texture, the normal stress and the crude oil content also play important roles in interface shear strength. Moreover, the friction angle decreases with increasing crude oil content due to increase of oil concentration in soil and it increases with increasing interface roughness.
Introduction
The thin layer between structures and soil is often called soil-structure interface which transfers loads from structures to soil mass. This layer plays influential roles in the bearing capacity of soils and load-displacement behavior of geostructures [1] . The shear strength of the interface between soil and structural material is important while designing geotechnical structures, including deep foundations (such as pile, drilled shaft, etc.), and shallow foundations (such as retaining wall, sheet pile, etc.) [2] . Although much more attention has been paid in recent years regarding soil-structure interaction for dynamic loading, highly conservative values of the static frictional resistance between soil and structure are used in the design. Not many research articles are available regarding the recommended soil-structure shearing resistance, so majority of the designs are based on empirical values, i.e. ratio of skin friction or adhesion to the internal friction or cohesion of foundation soil [2, 3] . Many studies have been conducted to evaluate the shear strength of soil and the frictional resistance between soils and structures, so far. Various types of soils and different types of construction materials were used in these studies to illustrate the difference of the interface shear resistance between different soils and materials. Different types of apparatus were used in the previous studies such as direct shear apparatus, ring shear apparatus, dual shear apparatus, and simple shear apparatus. As an early work which has been cited by many articles in the literature, Potyondy [4] conducted direct shear test on the interface of concrete, steel, and wood with sand, sandy silt, cohesive soil, rock flour (silt), and clay. He conducted tests for certain pre-set moisture contents as well as for dry specimens, and found that the frictional resistance of a soil depends on its sand content. He also revealed that the moisture content, soil composition, surface roughness, and normal load have significant influence on the interface strength [4] . In another work, Coyle and Sulaiman [5] investigated the frictional resistance between sand and steel pile whereas Kulhaway and Peterson [6] measured the frictional resistance between sand and concrete. Several other researchers such as Evgin and Fakharian [7] , Hryciw and Irsyam [8] , Uesugi et al. [9] , and Hu and Pu [10] conducted direct shear tests on the steel/concrete-sand interface in order to measure the interface frictional resistance.
With the development of social economy, the demands of the oil increase dramatically. However, during the exploration, mining, storage, transportation, and use of the oil products, various oil leakage accidents occur frequently, which may cause serious pollution to soil and groundwater. Due to the characteristics of strong concealment, long latency, wide range, and difficulty in treatment, the harm of oil leakage has already become a non-negligible environmental problem.
Oil contamination in the soils mainly occurs during transportation, leakage from storage tanks or pipelines. Subsequently, soils and groundwater might be contaminated. The cleanup procedure in case of the contaminated sites is too difficult or sometimes impossible. In addition to environmental concerns for soil and groundwater, this kind of pollution alters the geotechnical properties of the soil such as the shear strength and the hydraulic conductivity [11] . In this regard, several research studies have been carried out to study the geotechnical properties of oil contaminated soils. However, few studies on oil contaminated soil-structure interface interaction are recorded. Al-Sanad et al. [12] and Al-Sanad and Ismail [13] performed laboratory tests to investigate the influence of oil contamination and aging effect on geotechnical properties of Kuwaiti sand. Their results proved a small reduction in strength and permeability and an increase in compressibility as a result of contamination. Shin et al. [14] and Shin and Das [15] found that the bearing capacity of footing decreased significantly with increase of oil contamination. The experimental results obtained by Khamehchiyan et al. [16] indicated the increase of the compressibility of soil samples with the increasing oil content due to reduction of maximum dry density and optimum water content; however, the oil contamination caused a reduction in permeability and strength in the soil samples. Sim and Lee [17] investigated some geotechnical properties of palm biodiesel contaminated mining sand and the results showed that an increase of palm biodiesel contents decreased the shear strength of mining sand sample. In another research, Sim and Lee [18] studied the palm biodiesel contaminated soil-steel interface, and they found that the magnitude of shear strength in the interface increased harmonically with normal stress but it decreased with increasing of palm biodiesel contents. Additionally, they recognized that the rough steel interface developed larger shear strength in comparison with smooth steel interface. Sim and Lee [3] evaluated the behavior of palm biodiesel contaminated sand-concrete interface. They concluded that the soil-concrete interface shear strength is dependent upon the concrete surface texture and the palm biodiesel content in the sand. The results also indicated that the sand-concrete interface failure modes are governed by the sliding and deformation displacements. Tiwari et al. [19] studied the shear strength reduction at different soilstructure interfaces (soil-concrete, soil-wood, and soil-steel) using various soil types. They found that skin resistance of the soil-structure interface depends on the surface material of the structure and the type of soil. The behavior of dry soil differs from that of saturated soil. Al-Adhadh [20] investigated the interface friction angle between cohesionless soil and different structural materials (steel, wood, and concrete). He noticed that the shear strength of soil-soil contact was higher than the frictional resistance between soil and the different construction materials. Likewise, the soilconcrete frictional resistance was higher than the soil-steel and soil-wood frictional resistance. Moreover, Goh and Donald [21] assessed the soil-concrete interface behavior using simple shear apparatus. Their results indicated that the interface shear strength is dependent upon the concrete surface texture and the clay content of the soil. Additionally, they found that large shear strains in the soil are necessary to fully mobilize the interface skin friction, and the effects of interface dilation are negligible.
Accordingly, considerable studies have been done to investigate the interfacial friction between sand and various construction materials. But, there is little information available among the literature to assist in evaluating the effect of soil contamination on the interface shear behavior of soil-construction materials. As a case in point, there is a need to study the interface shear behavior of oil-contaminated sandy soil contacted to different construction materials for a proper understanding soil-steel and soil-concrete interface shear behavior.
In the current study, an experimental investigation is conducted to assess the variation of shear strength parameters of crude oil contaminated casting sand-concrete interfaces as a function of concrete roughness, crude oil content, and bentonite content using direct shear apparatus.
Materials and Methods

Reagents and Materials
Crude oil, sand, and bentonite were supplied from Tehran Oil Refinery, Silica Sand MFG Company, and Mokarrar Composite Company, respectively. The sandy soil was synthesized by mixing equal amounts of two sand types (foundry mold sand 141 and industrial sand D11). Table 1 . shows a brief description of the resulting mixture characteristics. Moreover, Particle size analysis was performed in case of the soil according to ASTM D422-07. Oil is a liquid with a complex mixture of organic molecules with varied chemical and physical properties. In the case of oil-contaminated soils, the influence of oil on the behavior of soil mainly depends on the type of oil and soil particles. Therefore, the type of oil is one of the important factors that affect the angle of internal friction and interface friction angle of sand. Crude oil specifications are tabulated in Table 2 . Additionally, the soil was classified by unified soil classification system (USCS) according to ASTM D2487 as SP (poorly-graded sand). ASTM D857 was used for obtaining the specific gravity of soil grains. In order to assess the relative density (D r ), e max and e min were obtained through ASTM D4253 and ASTM D4254, respectively. Water content of the soil was analyzed with respect to ASTM D2216. Table 3 holds a list of the soil characteristic parameters. Table 4 carries the results of XRF analysis on bentonite sample 
Soil Sample Preparation
Samples of contaminated soil were synthetically prepared by adding certain amount of crude oil (0, 2.5, 5, 7.5, 10% w/w) to the dry soil. Each sample was incubated for 10 days at room temperature in a double-layered black plastic bag to block sunlight exposure and to enable the possible reaction between soil and oil. Figure 2. shows the prepared samples. 
Concrete Sample Preparation
3 Cubic 10cm×10cm×10cm concrete samples with water:cement (w/c) ratio of 0.58 were prepared and cured for 7 days. Prior to curing, a steel brush was used to make grooved surfaces on two of the samples (in two different degrees of roughness), in order to create various surface roughness. Afterwards, three 10cm×10cm×1.8cm samples were cut from each cube.
Geotechnical Tests
In this research, the testing program included compaction and direct shear tests for understanding the effects of crude oil contamination on geotechnical properties of soil samples. First of all, a base density was found by the compaction tests, in order to prepare appropriate samples for direct shear tests.
Standard Proctor Compaction Test
Compaction behaviour was evaluated through standard proctor compaction test (ASTM D698-07) in case of the followings: In other words, 10 standard compaction tests were performed. The maximum dry densities and optimum moisture contents of soil samples were taken as the base values. According to this assumption, all of the samples will be on the dry side of the compaction curve and their difference lies in the various crude oil contents [15] .
Direct Shear Test
In this study, direct shear apparatus was used to evaluate the effect of oil contamination on the shear strength and the frictional resistance of soil-concrete interface. A specific modification has been applied to the direct shear box to evaluate the frictional resistance. In case of soil-concrete interface, the concrete sample was placed at the lower jaw of direct shear apparatus, while the upper jaw was filled by the soil. The tests were performed according to ASTM D3080 in case of soil-soil and soil-concrete interfaces in the following conditions:
• Pure sand (0, 2.5, 5, 7.5, 10% w/w crude oil contaminated)
• Sand+20% w/w bentonite mixture (0, 2.5, 5, 7.5, 10% w/w crude oil contaminated).
In this part of the experiments, a total number of 120 direct shear tests were performed in a rectangular shear box (10cm × 10cm) under normal stress of 1, 2, and 3 kg/cm² (approximately 100, 200, and 300 kPa) with a shear rate of 1 mm/min. During the shear tests, both shear stress and shear displacement were measured. The former was measured by means of a proving ring while the latter was measured through a dial gauge. Applying this type of device, the strength, stress-displacement relationship, and their influence factors were discussed under different loading conditions
Results
Standard Compaction Tests
The results of compaction test on different soil samples are plotted in Figures 3 and 4 in terms of dry density versus water content. As can be seen on these Figures, at a fixed bentonite content, the maximum dry density of the contaminated soil increases with oil content and it is achieved in lower water content. According to the oil properties, the oil has a remarkable viscosity which enables lubricating of the contact surface. Since the soil grains are covered by crude oil, the contamination acts as a strong lubricating agent which facilitates compaction and reduces the amount of water needed to reach maximum density. Based on the Figures 3 and 4 by increasing bentonite content, maximum dry density and optimum water content increases slightly. According to the results shown in Figures 5 and 6 , samples show a low cohesion due to oil contamination that can be the result of viscosity and inherent cohesion of oil. This cohesion increases by increasing the contamination. Figure  6 . illustrates that the internal friction angle decreases with the increase of crude oil contamination in soil. Wet sands show a little apparent cohesion due to surface tension force of existing water in soil. Figure 7 . shows the sheared sand sample which contains 20% bentonite and 10% crude oil contamination. Equation of shear strength of soil contains two major parameters which are cohesion (C) and internal friction angle ( ). Cohesion of contaminated soil increases by increasing crude oil content, while decreases simultaneously. Sand particles coated with crude oil vastly reduce friction between particles facilitating the sliding of particles. Because the sand particles are mixed with crude oil, the size of particles is larger than those in clean sand. This may be attributed to the oil coating around every individual sand particle. Consequently, the contamination with oil reduced the internal friction angle of sand particles. The results show reduction in friction angle due to the increasing of crude oil contents in soil specimens. Similar results have been reported in literature [16, 22] . According to Chew and Lee [23] , soil particles were coated with crude oil which resulted in friction reduction when soil particles slipped and slid over each other. The friction angles in case of clean pure sand for smooth, semi-rough, and rough interfaces are about 27.9°, 28.8° and 30.1°, respectively. In case of bentonite-mixed sand, the value of friction angle for smooth, semi-rough, and rough interface textures, are obtained as 27.7°, 28.4°, and 28.9°, respectively. However, It can be seen that as the crude oil content of soil samples increased to 10%, the friction angle may be reduced to about 25.2°, 25.4°, and 25.7° in case of pure sand, and 25.5°, 25.8°, and 26.1° in case of sand-bentonite mixture for smooth, semi-rough, and rough concrete interfaces, respectively. The failure envelopes of the smooth, semi-rough, and rough concrete interfaces tests are plotted in Figures 10 to 15: Smooth concrete interface (Figures 10 and 11) , semi-rough concrete interface (Figures 12 and 13) , and rough concrete interface (Figures 14 and 15 ). As the normal stress ( ) increases, the maximum shear stress also increases for both pure sand and sand-bentonite mixture, regardless of its crude oil contents. The test results for all concrete interfaces show that clean samples exhibit the largest stress ratio, while samples contaminated with 2.5%, 5%, 7.5%, and 10% crude oil, will sit in the next places respectively. Similar pattern for results have been formerly reported [13, 16, 24, 25] .
The maximum interface shear stress decreases with increasing crude oil content for both pure sand and sand plus 20% bentonite for smooth, semi-rough, and rough interfaces. It can be explained by this fact that samples are easily slipped or sheared with higher crude oil content when subjected to shear [23] . The maximum interface shear stress decreases with increasing applied normal stress; nevertheless, the effect of normal stress is less significant in the specimen with a smooth interface. Lubrication improves the smoothness of movement by reducing the angle of friction. Consequently, when the surface of concrete is rougher, the effect of oil contamination on the interlocking between the concrete and the soil was decreased.
Conclusion
In this study, the crude oil contaminated sand-concrete interface behaviour was investigated through a series of laboratory experiments using direct shear apparatus. The main purpose of this paper was to point out how contamination of sand can change the internal and interface friction angle, while the sand are in contact with a common construction material (concrete) with different surface roughnesses. In geotechnical practice, concrete is used in majority of the structures that are in direct contact with soil such as foundations, piles and etc. The conclusions can be drawn as follows:
i.
By increasing the oil content within the soil, the maximum dry density increases, and it is achieved in lower water content (i.e. the optimum water content decreases with increasing crude oil content).
ii. By increasing bentonite content, the maximum dry density and the optimum water content increases slightly.
iii. Shear strength of soil-soil contact was observed to be higher than the frictional resistance between soil and the concrete.
iv. Three different textures of concrete interface are studied: relatively smooth, semi-rough, and rough surface. The interface shear strength of rough concrete surface is higher than smooth and semi-rough concrete surfaces. In addition to the texture, the normal stress and crude oil content also play important roles in interface shear strength. The shear strength increases with increasing normal stress and decreases with increasing crude oil content.
v.
The friction angle decreases with increasing crude oil content due to increase of oil viscosity in soil and it increases with increasing interface roughness.
vi. Cohesion (C) term in strength formula of contaminated soil increases by increasing crude oil content, while internal friction angle ( ) decreases. As a result shear strength may increases totally because C affects shear strength directly, but is in the form of tangent in the shear strength formula.
The discussion in this work was limited to investigating the effects of crude oil contamination on the internal and interface shear behavior of sand and concrete through direct shear apparatus. Numerous parameters that influence the performance of interface shear behavior in clean and contaminated soils must be interrelated, including: the type of the soil, properties of contamination, content of contaminant, relative density of the soil, type of interface material, level of normal load, and the type of testing apparatus. Future studies might, for example, investigate the effects of oil viscosity by choosing oil products with different viscosities (like heavy motor oil and light gasoil). Also, further studies are needed to evaluate the influence of sand relative density, type and roughness of construction materials, and soil texture and mineralogy.
